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INTRODUCTION 


Daily Doppler observations of Navy Navigation Satellites are made by 
about 20 receivers operated by the Naval Astronautics Group ("OPNET" Stations), 
the Defense Mapping Agency ("TRANET” Stations) and cooperating international 
y observations. The Naval Astronautics Group uses the observations made by 
a its four receivers to compute the "broadcast ephemeris" which is injected 
in the satellite memory, transmitted in real time, and used for navigation 
and some geodetic applications. The Defense Mapping Agency uses the observa- 
tions made by the entire station network to determine a "precise ephemeris" 
used in non-real time calculations of geodetic positions of portable receivers. 
Periodically, the base station network composed of the 20 receivers discussed 
- above is supplemented by 10 to 15 portable receivers deployed primarily to 
4 obtain additional data on geodetic satellites such as the GEOS-3 or SEASAT-1 
altimetry satellites. During these periods, one or two Navy Navigation Satellites 
are also observed by the portable equipment in order to calibrate their 
clocks and determine the receiver positions. On these occasions, the precise 
ephemerides are computed on the basis of the observations of the expanded station 
network. 


és The Naval Surface Weapons Center routinely computes the positions of the 

oe receivers in the base or expanded station network using the observations made 

= on one Navy Navigation Satellite in order to monitor the stability of the ~ 

coordinate system established by the precise ephemerides. Previous reports 

(Malyevac and Anderle, 1978) showed that the results of these computations were 

L close to the precision required for plate tectonic studies, but that systematic 
errors existed in the results. A series of changes in operational and computa- 

2 tional procedures was listed which could reduce the systematic errors. This 

- report gives the results obtained after implementing some of the procedures. 


SYSTEM CHANGES 


The data discussed in this report were observed during the period 1973-1982. 

: During this period, no significant changes were made in the force field used 

q in the ephemeris computations and no intentional changes were made in the station 

e* coordinate system. When stations were added or antenna locations changed, 

Ps the normal procedure is to compute a set of coordinates for the site which 

: is consistent with the ephemeris. This procedure should maintain the consistency 

ee of the coordinate system defined by the ephemeris. One change made during 

es this interval could have disturbed the coordinate system. In August, 1978, 

n the coordinates of each station for each pass were added as parameters of the 

: solution with a weight for the a-priori coordinates corresponding to an 
uncertainty of 1 m in each coordinate. The intention of this change was to 
recognize the error in the ephemeris due to force model errors so that observa- 
tions with small standard errors will not overwhelm those which have errors 
which are somewhat larger, but still’ less than those corresponding to the 
ephemeris error. However, the effect of the change also tends to equalize 
any differences in strength of data which might exist in observing systems 


such as portable equipment compared to base stations or TRANET stations versus 
OPNET stations. No significant change in the coordinate system was noted 

in tests conducted prior to the installation of the change, but subtle differences 
could have escaped detection. 


Forty of the sites occupied during the period considered and for which 
results are given in this report are listed by plate and in numerical order 
in Table 1. The satellite subtracks observed by these sites at elevation 
aagles above 10 degrees are shown in figure 1. The sites with five digit station 
numbers as well as station 127 in Shemya observed only intermittently during 
the latter portion of the time period covered. Although the results for these 
sites are not currently useful for crustal or plate tectonic studies due to 
the shorter occupation period, the combination of this data with data obtained 
in the future may produce useful results. In addition, other sites were occupied 
in Shemya and Sicily early in the period. If the terrestrial connections 
between the old and the new sites can be located, the results for these sites 
may be useful sooner. Although only limited data early in the time period are 
available for stations 195 (Palmer) and 196 (Casey) on the Antarctic continent, 
the data were processed in the event that survey markers at these important 
sites can be recovered and reoccupied in the future. The remaining 23 sites, 
which include 10 sites on the North American plate and 13 sites distributed 
among seven other plates provided data which is precise enough to determine 
useful bounds on plate motions, if systematic errors are not excessive. 
Three of the sites started operation somewhat after the beginning of the 
period considered in this report: Ottawa started in 1974, Florence in 1975 
and Calgary also in 1975. Antenras at seven of the sites were moved during 
the time period. The changes in antenna locations in England in 1976, and 
from Maryland to Virginia in 1976 were large enough so that uncertainties 
in terrestrial connections could affect the accuracy of the results. The 
antenna changes in New Mexico in 1976, Alaska in 1976, Greenland in 1977, 
Ottawa in 1976 and Calgary in 1979 were small enough so that the accuracy 
of the results would not be affected if terrestrial connections between the 
old and new sites were made properly and if the ground plane effects on the 
signal are the same at the two sites. Of these five small changes, there is 
no evidence of difficulty in the survey records other than an uncertainty in 
an azimuth in Alaska which leads to an uncertainty in the East-West (actually 
70° East of North) direction. 


COMPUTATIONAL PROCEDURES 


Satellite ephemerides were computed by the Defense Mapping Agency Hydrographic/ 
Topographic Center at two day intervals and provided to the Naval Surface 
Weapons Center along with the pre-processed, filtered observations used in : 
the computations. The parameters of the orbit fit included six constants 
of orbit integration, either one or two drag scaling factors depending on 
the level of solar activity, and the components of pole position for each 
orbit fit, and a frequency and tropospheric refraction scale parameter (with 
10% uncertainty assigned to a-priori refraction) for each satellite pass 
over each station. Starting in August 1978, the coordinates of the station 
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FIGURE 1. 10 DEGREE VISIBILITY CIRCLES AT DOPPLER SITES 
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for each pass of the satellite over each station were considered parameters 

of the solution with a one meter uncertainty assigned to the a-priori coordinate 
components. The coordinates of newly occupied stations were considered 
parameters of the solution until accurate coordinates could be computed. 


These ephemerides and observations were used by the Naval Surface Weapons 
Center to compute the coordinates of the stations for time spans of observation 
of either five or thirteen days. The parameters of each solution included, 
in addition to the coordinates, a tropospheric refraction scaling factor, 

a frequency bias, and translation parameters for the satellite ephemeris for 
each pass of the satellite over each station. The a-priori refraction was 
assigned an uncertainty of 10% and the a-priori ephemeris components were 
assigned an uncertainty of one meter. A linear fit was made to the solutions 
for the coordinates of each station over the ten year time period, and solutions 
were rejected which differed from the line by more than 2.5 times the standard 
deviation of the fit. In addition to the linear fits to the data from each 
station, mean coordinates for each site were computed from the filtered 
solutions, and mean relative coordinates and linear fits to relative solutions 
for each pair of stations were computed on the basis of filtered solutions for 
common times. The fits were made considering equal weights for each solution | 
and also using weights corresponding to the number of passes in each solution 
in order to represent the statistical strength of the thirteen day fits 
relative to the five day fits. 


The computational procedures used in the analysis discussed in this report 
differed from those in a previous report (Anderle and Maiyevac, 1978) in the 
following ways: 


1. More recent data are included in the current report. The more 
recent data reduced the effect of antenna changes somewhat since a longer time 
span of data are now available with the most recent location. However, 
ionospheric effects are more severe in recent periods affecting the observations 
directly due to neglected third order ionospheric effects and indirectly in 
their effects on the atmospheric drag on the satellite. 


2. Refraction scaling factor was considered for all data discussed 
in this report. 


3. The orbit was considered exact in previous analysis but was 
assigned a one meter uncertainty in solutions discussed in this report. 
A study (Anderle, 1982) indicated the orbit relaxation improved the consistency 
of solutions somewhat even when the orbit uncertainty is independent for each 
pass over each station. 


4. In this report the changes in relative station positions were 
computed from data observed concurrently by each station pair as well as 
from the total set of data observed by each station. 


Lon A 


RESULTS 


Graphs of the corrections to the nominal coordinates for each five 
or thirteen day set of data are given in Appendix A for each station. 
The source of the periodic variations in station heights has not been identi- 
fied. The average increase in height may be due to increasing levels of 
solar activity which increase neglected third order ionospheric effects. 
The mean solutions are given in Table 2. Mean solutions for relative coordi- 
nates and the constants for the linear fits to relative coordinates are given 
in Appendix B. The rates of change of relative coordinates and the standard 
: error of these rates are given in Appendix C while the residuals of fits for 
hee the constant fits and the linear fits are given in Appendix D. The relative 
rates and standard errors for those solutions where the standard errors are 
less than 10 cm/yr are summarized by datum in Appendix E for intra-datum 
relative motions of stations and in Appendix F for inter-datum motions. 


The rates of change of latitude and longitude and the standard errors 
of those rates corresponding to the residuals of the linear fits are given 
in Table 3 for the 23 stations which provided the most data. The absolute 
rates are given in the left half of the table while the rates relative to 
Texas are given in the right half of the table. Texas was chosen as a 
reference because it was the only site in North America for which data 
were taken at only one antenna site throughout the ten year span considered. 
The relative motions are also shown in figure 2. The mean rates for each 
plate based on the Doppler satellite solution and based on the AM2 fit to 
geologic data by Minster and Jordan (1978) are given in Table 4, while the 
relative geologic rates are shown in figure 3. Although the signs of the 
average Doppler and geologic absolute motions happen to agree, the average 
Doppler absolute longitude rates should be zero for some data weighting 
because of a lack of absolute longitude reference. The strong tendency 
for negative rates indicates a gradual shift in the reference system due to 
antenna changes or some still undetected inconsistency between the satellite 
orbit computation and the station coordinate computation. (As mentioned 
earlier, the change in orbit computation procedure in August 1978 could 
conceivably introduce a reference system change.) It is therefore probably 
more meaningful to compare the rates relative to some plate, such as North 
America, as shown in the lower part of the Table. 


The lower part of Table 4 shows that, relative to the North American 
plate, the Doppler derived motions of the Pacific plate in longitude, of the 
European plate in longitude and of the Australian plate in latitude are 
highly significant compared to the standard error of the solution. The 
latitude rate of the African plate is marginally significant. Considering 
the 1-5 cm/yr standard errors of the Doppler determinations, none of the 
components are significantly different from the geologic determinations 
except for the high latitude rate obtained for the Australian plate. However, 7 
all four statistically significant Doppler motions are about twice the 
geologic motions. 


Although the Doppler satellite motions and geologic motions were determined 
for different time periods and different geographic positions, the higher 
Doppler rates could easily be due to either statistical variations or 
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systematic errors in the Doppler results, or a combination of both. Table 3 
shows a number of instances where differences in the rates of different sites 
within the same datum are unreasonable considering the standard errors and 

the rigidity of the plates. Some of the discrepancies may be due to changes 

in antenna locations and others due to overly optimistic standard errors. 

The standard errors can be optimistic because the data are not evenly dis- 
tributed over the ten year span of the linear fit. Appendix A shows that 

the preponderance of the data used in this study was observed in 1980 and 

1981. Therefore the residuals of the linear fit, used to compute the standard 
errors, will not reflect longer period variations in station positions. 

Appendix B also shows large annual variations in station heights. The computed 
rates of the station heights were generally unreasonably large, with the 
majority in the range of 10 to 30 cm/yr. These results indicate systematic 
errors in the Doppler system, probably due to neglected higher order ionospheric 
effects (Clynch and Renfro, 1982), which might also affect horizontal positions. 


PROSPECTS FOR THE FUTURE 


Only about 25 percent of the data observed for one satellite during the 
ten year period was processed to determine the results given in this report. 
Processing of the remaining data for this satellite during the period should 
reduce the standard errors of the results by a factor of two, which might 
produce additional statistically significant results. The more complete 
data set will allow tests to be performed to determine whether antenna 
changes cause discontinuity in the results, and whether the motion of sites 
is continuous over the time period or correlated with a change in ephemeris 
computation procedure. In future years, firmer results will be available 
for the Eurasian plate and additional sites will provide data on other plates 
such as the Australian and South American plate. 
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i GRAPHS OF STATION COORDINATE CORRECTIONS 
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SOLUTIONS FOR MEAN COORDINATES 
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APPENDIX E 


INTRA~ PLATE RELATIVE MOTIONS 


E-1 


Se te De ht 


Be A ee ee ee ee eg gee eee a en ee RR Ue ea oe Re Rg) Mee SESE AR ge OS 


OGPPLER NAVSAT SOLUTICN NSWC820907 


INTRA PLATE OEFORMATICNS 
NO AMERICA PLATE 


RATES (CM/YR) STANOARD ERRORS 

REF STA LLCATICN TG STA LUCATICN LONG LAT HEIGHT LCNG LAT WEIGHT 
113° NEW MEXICO 114 ALASKA “5.1 -10.9 =25.5 1.8 1.6 1.9 
413° NEW MEXICO 118 GREENLAND 10.8 9o5 -2902 307 305 420 
113° NEW MEXICO 192 1EXAS -6.5 4.5 -8.2 3o1 204 206 
113° New Me XICO 312 MAINE 5.6 ~361 305 203 1.8 1.6 
113° NEW MEXICO 320 WINNESOTA -10.6 201 20.7 2.0 1.6 2.0 
413° NEW MexiCYU 3$0 CALIF CRNIA "8.6 4-8 ~11-6 1.7 1.3 2o2 
113) NEW MEXICU 126 OTTAWA -13.4% 2e0 4367 502 &.8 506 
413° NEW MEXICO 125 CALGARY ~ 36.4% -4.3 1963 728 5h 6.7 
414300 NeW MexXICO 107 WaRGINIA -6.9 -7.5 4o4% 6.6 7.0 8.2 
114 ALASKA 118 GREENLAND 16.3 14.0 -5 28 306 302 3.8 
: 41% ALASKA 192 TEXAS 1.5 15.5 16.9 3.3 266 2e5 
r) 2114 ALASKA 210 MAINE 1.4 74% 2601 2.8 1.7 1.9 
114 ALASKA 320 MINNESOTA 75.9 13.7 4e2 263 1.7 2.0 
114 ALASKA 330 CALIF CRNIA -1.9 15.6 17.0 1.9 1.5 20% 
11% ALASKA 128 OTTAWA -€.0 16.3 -2065 5.9 4&5 504 
114 ALASKA 125 CALGARY 736.7 11.8 390% 665 5e% 528 
114 ALASKA 107 wiRGINIA 715.1 i) 14.8 8.3 7.8 7.4% 
418 GREENLAND 492 TEXAS -16.8 o3 20.0 4&o7 403 4e5 
118 GREENLAND 310 MALNE -15.2 -8.6 SG0i 4.2 3.8 4o1 
418 GREENLAND 320 MINNESOTA 2204 604% 76 4e2 3.8 3.8 
116 GrREENLANO 330 CALIFCRNIA -18.8 -3.2 23.1 3.5 3.6 403 
116 GREENLAND 128 OTTAWA 715.4 7e4 2002 8.8 9.3 10.9 
192 TexAS $10 MAINE 3.7 -8.8 11.7 305 226 2.9 
192 TEXAS 320 MINNESOTA “3.4 ew1.1 -11.3 363 205 323 
192 TexAS 330 CALIF CRNIA weet 4 oo) 3e2 204% 3.4 
4192) =TEXAS 128 OTTAWA o13.1 704% -3766 7.7 509 705 
492 TEXAS 425 CALGARY 41.6 -7.8 18.6 95 6-6 7.6 
310 MAINE 320 MINNESOTA “Gel Gel “2301 2.5 1.7 2.0 
310 4 MAINE 330 CALIFCRNIA “3.4 8.5 -13.3 204% 1.8 2.3 
310 0 MAINE 128 OTTAWA eid. 14.6 2901 605 48 526 
310 MAINE 125 CALGARY -28.5 726 16.3 9-9 5-4 609 
31000 MAINE 107 yvIRGINIA 3.5 “7.0 33-5 8e6 Goi 607 
320 MINNESOTA 330 CALIF CRNIA it 202 7.8 202 1.5 ee? 
\ 320 MINWESCTA 128 OTTAWA “1.1 --8 -39.0 6.5 4.9 506 
320 MINNESCTA 125 CALGARY 235.0 907 24.7 527 ve Set 
330 CALIFORNIA 126 OTTAWA -7.8 “700 1202 504 4.7 608 
330 CALIFGRNIA 125 CALGARY “41.2 718.7 46.3 504 3.7 6.3 
$30 CALIFCRAIA 167 VIRGINIA “6.5 -15.6 73.0 9.2 6.8 909 
128 «OTTAWA 125 CALGARY $26.9 711.0 51.7 9-9 7.6 Be2 
4128 OTTAWA 107 WIRGINIA 15.5 -5.6 1604 926 6.0 8.7 

. 

WEZGHTEU MEAN OF ABSOLUTE RATES “4.7 1.2 3 
STANDARO cRKOR OF WEIGHTED MEAN 7 05 28 


DUFPLER NAVSAT SOLUTION NSWC820907 


FIGURE E-1 


INTRA PLATE DEFORMATIONS 
SC AMtKICA PLATE 


RATES (CH/¥R) STANOARO ERRORS 
Ref STA wcCATICN TO STA LOCATION &CNG LAT HEIGHT LONG LAT HEIGHT 
WE [GHTeED McAN UF ABSOLUTE RATES “Gel 428 7.0 
STANDARD trnQe uF we iuntitD MEAN 2.8 1.3 2.8 


ULFPeew AAVSAT SuULUT LUN NSWC8204907 


aNTRA FLATE CEFORMATIUNS 
PACIFiC PLATE 


RATES (CHV RD STANOARD ERRORS 
REF STA VULAFiUN TU STA LOCATLON LONG cat HEIGHT LONG LAT HEIGHT 
24 = SANUA 340 rAWAIL 3.2 “12.8 -2.5 3.6 2e4 3.6 
WEluHTED MEAN OF ABSOLUTE RATES -i4.7 2.3 2664 
STANDARD ERAUR CF WEIGHTED MEAN 1.9 1.3 2.0 


OCFPLER NAVSAT SULUTICA wSwCa20907 


UNTHA FLATE DEFORMATIONS 
EURASIAN PLATE 


RATES (CA/YRE STANGARO ERRORS 

REF STA LUCATICN 10 STA LOCATION LONG Lat HEIGHT LONG AT HEIGHT 

21 decGlIua 27 JAPAN -5.8 79.8 206 3.2 2.8 2.8 

24 BeLvlUM bei ITAY 3.5 4.0 “05 Sel 4.5 408 

27) JAPAN €a1 LTALY 11.9 16.0 +-189.3 6.2 526 Sel 
26430 =CYPwS 20264 CATANIA O04 -2.6 9.3 6.7 &.6 10.3 

WEIGHTED MEAN UF ABSOLUTE RATES 4.5 rd 12.9 

STANDAKD EKKOR GF WELUMTED MEAN 1.2 9 1.62 


OCPPLER WAVSAT SGLUTION NSHC620907 


INTKA PLATE OEFORNATIONS 
PHILIPPINE PLATE 


3 RATES (CH/YR) STANOARD ERRORS 
REF STA LCCATICN 10 STA LOCATION LONG Lat HEIGHT LONG LAT HEIGHT 
23) GUAM 22 PHILIPINES 11.3 1.6 3 4.2 3.4 3.5 
WEIGHTEO MEAN OF ABSOLUTE KATES 73.5 -o5 27.9 
STANDARD ERACR OF WEIGHTED MEAN 1.8 1.5 264 


OQOPPLER NAVSAT SOLUTICH NSMC820907 


INTRA PLATE DEFORMATIONS 
AUSTRALIAN PLATE 


RATES CCNSVAD STANDARD ERRORS 
KEF STA LUCATION TO STA LOCATIUN LONG Lat HEIGHT LONG LAT HEIGHT 
WEIGHT&EO Me AN OF ABSOLUTE RATES 7505 17.0 Tol 
STANOARU ERxkOR OF WEIGHTED MEAN 1.5 1.6 1.3 


QOFPLER NAVSAT SOLUTION NSWE820907 


ANTRA FLATE CEFORMATICNS 
ANTARCTIC PLATE 


RATES (CH/YRD STANDARD ERRORS 
Ref STA LULATICN TO STA LOCATION LonG Lar HEIGHT LONG LAT HEIGHT 
WelunTkO MEAN uF ABSOLUTE RATES “1.3 7 902 
STANDARD EXRGR UF PEIGHTCO MEAN fol Hel 4.0 


OvLFPLER NAVSAT SULUT ION NSwC 820907 


INTHA FLATE DEFORAATIONS 
AFRICAN PLATE 


RATES (CH/ YR? STANDAKD ERRORS 
wkEF STA “LUCATION 10 STFA VLOCATIUN LONG .aT HEIGHT LONG LAT HEIGHT 
20 SeVUHEaces 185 SO AFRICA 3.2 10.9 -3.7 Les aea 3.93 
We aGHTcO Mc An UF ABSOLUTE RATES 1.5 5-6 15467 
aTANDAMD ERROR VF néluhTEO MEAN 1.6 1.3 1.5 
OUPPLEM NAVSAT SULUTICA NSwWC820907 
FIGURE E-2 


APPENDIX F 


INTER-PLATE RELATIVE MOTIONS 


OGFPLER NAVSAT SuLUTION NSWC820907 


RELATIVE PLATE MOTIONS 
FROP KO AMERICA TO EURASIAN 


RATES (CM/YR) STANDARD ERRORS 

REF STA LOCATION TO STA LOCATIUN LONG LAT HEIGHT LONG AT HEIGHT 
115° NEW MEXICO 27 JAFAN -3.9 “11.5 1.6 Sel 2.5 205 
1144 ALASKA 27 JAPAN 4.2 5.1 2962 3o2 264% 208 
114 ALASKA €41 ITALY 2€.4 19.7 26.8 608 528 504% 
118 GREENLAND 27 JAPAN “15.7 -18.7 30.6 Ge7 Sel 52 
116 §©GREENLANO €41 ITALY -5.8 el 51.2 9e2 8.5 9-0 
192 TEXAS 27 JAPAN -4.7 -16.1 14.7 Geb 3.6 4e2 
‘ 192 TEXAS €41 ITALY 36% “12.1 0 1162 76 504 603 
3140 MAINE 27 JAPAN “5.4% “2.3 o7 367 208 3-0 
310 MAINE 641 ITALY 26 9 14. 7 8. 0 6-8 4. 9 309 
320 MaNNESOTA 27 JAPAN 2.8 713.5 23.6 3.5 207 306 
320 MINNESOTA 641 ITALY 186.2 2.3 7ei 5.9 408 309 
320 MINNESOTA 301430 CYPRUS 7.7 “1.4 30.5 9.3 723 1528 
320 MINNESOTA 20284 CATANIA 2c.0 47 25.8 9.3 Bel 926 
330 CALIFORNIA 27 JAPAN 6.3 -17.0 18.7 34% 204% 3eh 
330 CALIFORNIA 641 ITALY 14.4% -8.2 20.3 5.9 Sah 508 
128 OTTAWA 641 ITALY 18.3 207 53.2 7.5 608 bos 
413° NEW MEXICO 21 BELGIUN 26 1.90 ~e2 2.0 1.6 1.8 
114 ALASKA 21 BEcGIUM 6.7 12.3 25.0 2.3 1.6 1.7 
118 §=©GREENLAND 21 BELGIUM “39.6 74.0 34.2 3.7 3-3 4.9 
192 TEXAS 21 SsEc.GIUMN 529 -4.9 Jel 304% 203 32D 
310 MAINE 21 BELGIUM 5.6 4.8 “202 204 1.7 1.8 
320 MINNESOTA 21 BELGIUM aii -1.8 20.5 2.3 1-6 1.8 
330 CALIFCRNIA 21 BELGIUM 3.9 -3.8 11.3 202 1.7 2.5 
128 OTTAWA 21 BELGIUM 16.2 -9.8 48 4% 528 4o% Sel 
128 OTTAWA 27 JAPAN 10.4 “8.4 45.6 6.7 59 bee 
125 CALGARY 21 BELGIUM 40.4 “27 715.8 7-8 425 oS 
125 CALGARY 27 JAPAN 40.8 4.3 -12.9 9.1 6-0 7.5 
107 VIRGINIA 21 BELGIUM 12.3 -6.8 mee 7.9 7.0 7.7 


q FIGURE F-1 
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WOPPLER NAVSAT SOLUTION NSwC820907 


RELATIVE PLATE MOTIONS 
FRCP AG AMERICA TO SO AMERICA 


RATES (CH/YA) STANGARO ERRORS 


WF STA LOCATICN TO STA LOCATION LONG LAT HEIGHT LONG LAT a 
113) NEW MEXICO 6 BRAZIL 72.4 bet “Sek Sel 203 204, 
42% ALASKA 8 BRAZIL i.4& 14.7 21.6 3.2 Ze 205 
116 GREENLAND & BRAZIL -19.0 -1.9 26.3 &ef 3.7 404 
192) «TEXAS 6 BRAZIL 5 -1.9 6.5 4o7 sea 3.5 
310 4 =MAINE 6 BRAZLL 2.9 6.3 “7.1 3.9 204 24% 
320 MINNESOTA 8 BRAZIL 7.0 1.0 1601 3.5 202 aoe 
$30 CALIFCANIA 8 BRAZ1L 4.5 -1.2 3.8 3.3 2e2 2e 
128 OTTAWA 8 BRAZIL ind 13.8 40.8 9.7 7.3 725 


RELATIVE PLATE MOTIGNS 
FROF NO AMERICA TO PACIFIC 


RATES (CH/¥R) STANOARO ERRORS 


SEF STA COCATIGN TO STA LOCATIGN LONG Lat HEIGHT LONG LAT HEIGHT 
113° NER MEXICO 340 HAWAII 14.1 -3.7 14.1 204% 2el 2.0 
114 ALASKA 340 HAWAIT 8.5 8.0 40.3 206 429 202 
118 GREENLAND 340 HAWAII 25.4 ~8e8 43.6 %e2 -3.6 4.9 
4192 TEXAS 340 HAWAII -€.3 -7.9 2407 3.8 3.8 Sei 
310 MAINE 340 HAWAIT -3.4 102 11.8 3.2 2e2 2ei 
320 «MINNESOTA 340 HAWAIT 4.9 “661 34 0% 2.8 2.0 2e5 
330 CALIFORNIA 340 HAWAII -4.7 “6.7 25.7 206 220 206 
413° NEW MEXICO 24 SAMGA -18.9 6.5 16.8 303 226 3.3 
114 ALASKA 24 SAMOA 11.7 18.9 39.9 3.6 2.3 302 
118) §=GREENLAND 24 SAMOA 30.9 3.9 5202 5.2 4.9 5-8 
192 TEXAS 2% SAMOA -11.5 206 2506 43 3e4% 4e3 
318° 4 «=MAINE 2% SAMOA -12.8 10.9 14.0 306 206 3.7 
320 MINNESOTA 24 SAMOA -8.7 3e2 5904 304% 2.8 3-5 
330 GALIFCRNIA 2% SAMOA -10.6 1.0 2742 3.5 206 3-6 
126 «OTTAWA 2% SAMOA 3.9 4.7 66.0 Bee 6.3 8e2 
128 OTTAWA 349d hAWALI 6.7 “1.4 6261 6.8 6.0 6.0 
125 CALGARY 24 SAMOA 28.90 1.3 10.4 909 6.6 9.7 
125 CALGARY 340 HWAWAITL 38.2 26 907 7e2 4.9 620. 


RELATIVE PLATE MOTIONS 
FROM NO AMERICA TO PHILIPPINE 


RATES (CH/Y A) STANDARD ERRORS 


F~4 


Ref STA LOCATION TO STA LOCATION LONG Lat HEIGHT LONG GAT HEIGHT 
213° NEW MEXICO 22 PHILIGINES wel =5 16.2 3.8 2.7 3et 
214 ALASKA 22 PHICIFINES 4.3 10.4% I37et 3.9 2e6 429 
116 GREENLAND | 22 FHILIFINES “7.9 2.5 24.8 64 *%.2 7.9 
492 TEXAS 22 PHILIFINES 13.9 “Soe 2529 5.9 &.8 5e5 
310) «(MAINE 22 PEILIFINES 765 1.6 4201 Gel 2.9 4.0 
320) MINNESOTA 22 PHILIPINES 12.2 7206 8 3164 Sod 2.8 308 
$30) CALGFCRAIA 22 PHILIPINES 8.0 -4.5 31.8 3e3 2.5 &e5 
423° NEW MEXICO 23 GUAM o11.1 -1.2 16.0 207 203 2.3 
416 ALASKA 23 GUAN 5.0 9286 “0.3 269 2e2 204% 
118) =GREENLAND 23 GUAM -208.9 -6.7 44.3 6.5 43 405 
192 TEXAS 23 GUAM -4.0 “409 §=2501 ol 3.2 3.5 
330) «=MAINE 23 GUAN ~523 204% 16.5 34% 2.3 2.8 
$20) MINNESOTA 23 GUAN -e3 “3.2 37.9 3e2 202 2.8 
330 CALIFORNIA 23 GUAM -1.7 "6.5 2701 209 2.3 302 
128 6GTTAWA 23 GUAM Teh 72.8 70.6 7.5 5.7 609 
126) «OTTAWA 22 FHILIPINES 12.7 “Sei 82.6 6.8 Se% 7.3 
425 CALGARY 23 GUAM 36.6 ef 16.0 8.6 6.2 729 
125) CAL WARY 22 PHILIPINES 56.2 05 16.1 8.9 6.0 9e3 

FIGURE F-2 
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OOGPPLER 


REF STA 
113 
114 
116 
192 
316 
320 
330 
126 
125 
107 


REF STA 
113 
113 
114 
114 
116 
116 
192 
192 
310 
310 
320 
320 
330 
330 
128 
126 
125 
107 


NAVSAT SOLUTION 


a ae eee A ag 
Pa ae ee ee ie ie 


NSWC82 


0907 


RELATIVE PLATE MOTIONS 
FROF NO AMERICA TO AUSTRALIAN 


LUCATICN TO STA LOCATION 


NEW MEXICO 
ALASKA 
GREENLAND 
TEXAS 
MAINE 
MINNESOTA 
CALIF CRAIA 
OTTAWA 
CALGARY 
VIRGINIA 


L.OCATICGH 
NEW MEXICO 
NEW MEXICO 
ALASKA 
ALASKA 
GREENLAND 
GREENLANO 
TEXAS 
TEXAS 
MAINE 
MAINE 
MINNESOTA 
@INNESCTA 
CALIFORNIA 
CALIF CRNIA 
OTTAWA 
OTTAWA 
CALGARY 
VIRGINIA 


112 
112 
112 
112 
112 
112 
112 
112 
112 
112 


AUSTRALIA 
AUSTRALIA 
AUSTRALIA 
AUSTRALIA 
AUSTRALIA 
AUSTRALIA 
AUSTRALIA 
AUSTRALIA 
AUSTRALIA 
AUSTRALIA 


RATES (CH/YR) 
HEIGHT LONG 


LONG 
-7.9 
-.2 
-18.2 
1.9 
2.1 
328 
1.3 
7.3 
34.8 
1-7 


RELATIVE FLATE MOTIONS 
FRO® KO AMERICA TO AFRICAN 


TO STA 
20 


LOCATION 
SEYCHELLES 
SO AFRICA 
SEYCHELLES 
SO AFRICA 
SEVCHELLES 
SO AFRICA 
SEYCHELLES 
SOQ AFRICA 
SEYCHELLES 
SO AFRICA 
SEYCHELLES 
SO AFRICA 
SEYCHELLES 
SO AFRICA 
SEYCHELLES 
SO AF&ICA 
SG AFRICA 
SO AFRICA 


LONG 
-§.6 

-7 
-1.90 


RELATIVE PLATE MOTIONS 


RATES 
L 


Lat 
15-2 
25.6 
6.6 
18.7 
19-2 
13.8 
9.3 
1429 
27.0 
3201 


~4e1 
7-9 
904% 
17-8 
-6.8 
2ei 


-14.9 


1.9 
24 
10-2 
302 
45 
-7.9 
209 
-7.4 
2.9 
11-4 
6.1 


(CAs VR) 
AT HEIGHT LONG 


-56 
2024 
26-2 
e2 
724 
1528 
Gel 
47e2 
-9.2 
6.9 


6-9 
&o0 
36.9 
2725 
23.2 
3529 
16.7 
14.8 
202 
33 
2563 


2207 


2201 
15-9 
te ty 
43.9 

wei 
“11-3 


STANDARD ERKORS 
LAT HEIGHT 


1.7 
2et 
3.8 
3.3 
203 
2e3 
129 
54 
603 
6e4 


1.5 
1.5 
3.4 
204 
1.7 
1.6 
404 
4.4 
4.6 
6.3 


2e1 
1.9 
42 
Sel 
202 
2e1 
2-6 
5.8 
6e2 
2 


STANDARD ERRORS 
LAT WEIGHT 


3.5 
208 
329 
208 
726 
Sel 
60% 
3.6 
Sef 
206 
hei 
23 
323 
2-8 
8.8 
529 
7.6 
Oo% 


3.3 
1.8 
3.1 
1.9 
6.1 
4.0 
ae? 
209 
305 
2.0 
302 
2e1 
Sei 
1.8 
7.0 
5.5 
5.6 
7.25 


3% 
2e2 
ke2 


FRCP AO AMERICA To ANTARCTIC 


RATES (CH/YR) 
LON’ Lat HE JenT CONG 


STANDARD ERRORS 


LOCATICN TO STA LOCATICN LAT HEIGHT 


ReF STA 
113 
114 
118 
192 
$10 
320 
330 


NEW MEXICO 
ALASKA 
GREENLAND 
TEXAS 
MAINE 
MINNESOTA 
CALIF ORATA 


ACAKUROD 
MCNUROO 
HCauROU 
MCHURDO 
MCHUROO 
MCHURDO 
HCHMUROO 


202 
6.8 
-18.9 
16.5 
7.7 
928 
6.5 


FIGURE F-3 


107 
9.8 
=9ei 
-5.3 
Sei 
1.3 
1.2 


523 
21.5 
26-6 

4.8 
-6.5 
14.93 

8 


@e7 
&.7 
601 
5.9 
5.3 
Sei 
49 


8% 
&.7 
5.8 
5.6 
&.5 
%7 
46 


oe8 
26 
5-8 
5.6 
$26 
406 
$8 


WM 8 oe MII 8 RMB 


OGFPetk 


REF STA 


642 
OCPPLER 


REF STA 
2 
27 
641 
116 

OOFPLER 


REF STA 
214 
27 

OCFPLER 


REF STA 
122 
OOFPLEK 


NAVSAT SOcUTION wSwC826967 
RELATIVE PLATE MOTICNS 
FRCe EUEASIAN TO PHILIPPINE 
RATES (CHsVR) STANDARD ERRORS 
LUCATILN FO STA LOCATION LONG Lat HEIGHT LONG aT WEIGHT 
BELGIUR 23 GUAM 718.3 -2.9 17.8 2.8 2.3 206 
BELGIUM . 22 FHILIFINES 72.5 -2.9 13.4 soe 206 3.7 
JAPAN 23 GUAN “9.2 6.8 14.3 Heol 3.3 3.8 
JAPAN 22 FHILEFINES fei 2.8 16.5 3.7 309 %e7 
ITALY 23 GUAN -20.0 aot 32.3 7.0 5.5 5% 
ITALY 22 FHILIFINES -13.6 -7.5 32.9 605 609 8.0 
WAVSAT SOLUTIUN wSwC820907 
GELATIVE FLATE MOTICNS 
FRQe EURASTIAN TO AUSTRALIAN 
RATES (CH/VRI STANDARD ERRORS 
LOCATION TC STA LOCATION LONG AT HEIGHT LONG LAT WEIGHT 
BELGTUM 222 AUSTRALIA 6.4 13.7 -6.6 1.8 1.7 208 
JAPAN 212 AUSTRALIA 8 251 "802 3a 2.6 3-8 
ITALY 212 AUSTRALIA -15.8 14.6 od Se? 5.3 409 
ENGLAND 112 AUSTRALIA 1104 350i wheel 908 6.3 16-8 
WAVSAT SOLUTICN NSwC8&20907 
RELATIVE FLATE NOTIGNS 
Fror EVURAST AN TO &NTARCTIC 
RATES (CH7¥RD STANDARD ERRORS 
LUCATIUN TO STA LOCATION LUNG cat WE IGHT LONG LAT HEIGHT 
BELGIUM 19 MCMURDO 7.6 el “3.5 5.8 hob %e6 
JAPAN 19 MCauADO 1.4 13.9 -5.3 724 7.0 70% 
NAVSAT SULUTICK NSwWC82 0907 
RELATIVE FLATE HOTICNS 
FRGP EURASIAN TO AFRICAN 
RATES (CM/ YR) STANDARD ERKORS 
LUCATIGN TO STA LOCATION LONG at HEIGHT LONG Lar HETGHT 
BELGIUM 20 SEYCHELLES -8.3 9409 46 306 3e8 307 
BELGIUM 105 SO AFRICA “3.4 Go2 2.5 204 409 2-0 
JAPAN 20 SEYCHELLES 3.4 &ot 303 5e6 a8 409 
JAPAN 105 SO AFRICA 9 10.8 -5 4.3 3.9 oot 
ITALY 2@ SEYCHELLES +14. 2202 «Adel Vo? 7.3 8.9 
ITALY 105 SC AFRICA -9.2 2.4% 28 6.4 5.7 &o7 
EaGLANO 165 SO AFRICA °3.5 11.9 2601 929 6.6 6.4 
RELATIVE PLATE MOTIONS 
FROM AUSTRALIAN TO ANTARCTIC 
RATES (CHSTR) STANDARD ERRORS 
eUCATICN TO STA LOCATION LUNG Lat HEIGHT LONG Lay HEIGHT 
AUSTRALIA 19 MCMURDO 9.5 712.9 el a3 4.3 bok 
NAVSAT SOLUTION NSWC820907 
RELATIVE FLATE MOTIONS 
‘FRCP AUSTRALIAN Tu AFRICAN 
RATES (CH/¥R) STANDARD ERKORS 
LuCATiON TO STA LOCATION LONG cat WEIGHT LONG Lav MEIGHT 
AUSTRALIA 20 SEYCHELLES -2e3 716.8 14.4 el 3.4 3.3 
AUSTRALIA 205 SG AFRICA 6e7 =8ei1 bee 2.1 10% 108 
RELATIVE PLATE MOTICNS 
FRLe ANTARCTIC TO AFRICAN 
BATES (CHSVRD STANDARD ERRORS 
GUCATioN TC STA LOCATION LONG AT HEIGHT LONG LAT MNEIGNT 
aCAURUG 20 SEYCHELLES 712.0 2.9 18.1 7.8 7.9 6.6 
ACAURCE 305 SC AFRICA br oe | 9o2 6.9 53 53 Se2 
FIGURE F-4 
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DOPPLER NAVSAT SOLUTION nSsucezese? 


RELATIVE PLATE NOTIONS 
FAGR SO AMERICA TO PacIFIC 


RATES (Cusvas STANDARD ERRORS 
mee pg bora TO STA LOCATION LONG cat HEIGHT LONG LAT MEIGNT 
@AAZI4L 26 Sanua 712.6 Se%- 28.9 eed 304 306 
H @RAZAL 308 NaMAII °9.6 “5-5 1606 303 203 206 


OOFPLER HAVSAT SOLUTLON usucezess? 


RELATIVE PLATE HOT IONS 
FROW SO ANERICA TO EURASIAN 


RATES (CMs YR) stanoare ERRORS 
REF STA LOCATIGN TO STA LOCATION LONG aa? HEIGHT LONG 4aT MEIGHT 
@ MAZE 24 SELGIUN Irs} 208 Set Se2 202 205 
; bore ity 27 JAPAN Po) “878 = 1208 Gob ot 3% 
€e2 Ivav 20.8 7.6 6.68 90? Pel 605 


ooprcen navaat SOLUTION usucezese? 


RELATIVE PLATE nOTIONS 
FACP SO AMERICA TO PHILIPPINE 


@aTES icavvR) STANQARD ERRORS 
REF STA LOCATION TO STA LOCATION ONG uat WE 36NT LONG CAT HEIGHT 
@ G@AAZIL 23 Guan "9.9 “Sei = 1906 3.7 207 5.8 
@ mAazit 22 PHILIFINES 2.4 o306 2462 3.9 3.6 4e2 


GCFPLER WAVSAT SOLUTION wsucezeoe? 


RELATIVE PLATE MOTIONS 
PROP SO AMERICA TO AUSTRALIAN 


RATES (CNS YR) STANDARD ERRORS 
REF STA eet TO STA LOCATION RONG at EIGHT LONG Lat MEIGHT 
8 342 MUSTRALIA +25 4107 02 3.8 202 203 


GAAZIL 
GOPPLER NAVSAT SOLUT 30H NSuC626987 


RELATIVE PLATE NOTIONS 
FRCe SC APERECA TO ANTAACT IC 


RATES (CHV aD STANBARG ERRORS 
REF STA LOCATION VO STA LOCATION LONG aT HEIGHT LONG LAT MEIGHT 
HC AUREO 206 20% = 5.9 Se2 406 


3 MAZiL 19, 
SOPPLER MAVSAT SOLUT ZN usucez 8907 


RELATIVE PLATE NOTZONS 
FRGO SO AMERICA TO AFRICAN 


RATES (CVRD STANDARD ERRORS 
MEF SUA LOCATIGh To STA Location LONG LAY. MEZGHT LONG LAT WEZGHT 
@ mazan @ SEVONELLES 5-1 “5.5 1808 -4 ee 
enazit : a 3 ae 2 
sas patiepine 16 austratan : < z 
RATES (CHI YR) STANBARG ERRORS 
AEF STA LOCATION TO STA LOCATION LONG «LAT = HE LG HT LONG Lal WEIGNT 
23 Guan 442 AUSTRALIA =—« 408 1706 = 2608 2.9 2.0 203 
22 PHELZPINES 112 MUSTRALIA = --$01 hed AP o? 206 205 Bet 
POPPLER NAVSAT SOLUTION wsucezese? 
RELATIVE PLATE NOTIONS 
FROM PUILIPPERE TO AKTARCTIC 
aates (cnsva STANDARD ERRORS 
OEE STA LOCATICN TO STA LOCATIG: LONG «LAT «= HEEG HIT LONG LAT WEIGHT 
23 Guan 49 mGNUROO 709 Se3 1608 $.9 So2 $8 
22 PULL SPINES 49 ACAUROO “202 e202 $1508 6.6 6.7 
COPPLEA MAVSAT SOLUTION usucezece? 
RELATIVE PLATE MOTIONS 
FACR PRELIPFLME TO AFAICAN 
RATES conrad STANDARD ERRORS 
AEF STA LOCATION TO STA AOCATEGN LONG «LAT «= EL ZGHIT. LONG Lat WEIGHT 
a3 Guan 20 SEYCHELLES «=. 6 eck obo 3 ood eS 
£08 20 Apetca 602 7.5 1608 3.3 2.9 Bak 
22 PMILSPLMES «= 1108 80 AFRICA = ~208 Pe2 1808 32 2.6 30? 
22 PUILEPIOES § §=—«- 20 SEVCNEALES © ~0.9 “08 be8 301 3o6 
COPPLER HAVSAT SoLUTION wsucezecey 
FIGURE F-5 
F-7 
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NAVSAT SOLUTION NSHG620907 
RELATIVE PLATE MOTIONS 
FROM P CIFIC TO EURASIAN 
RATES (CH/YVA) STANDARO ERRORS 
LOGATION TO STA LOCATION LONG LaT HEIGHT LONG CAT HEIGHT 
SAMOA 27 JAPAN 79 -9.6 -1.2 &e2 Sea 4eo2 
SAMOA €41 ITALY 19.6 608 1402 6.0 523 66 
HAWALTE 27 JAPAN 11.6 -3.9 13.8 3.9 2e7 207 
HANAIT 641 ITALY 2526 8.9 -20.9 605 6e2 502 
SAMOA 21 BELG1UN 17.7 ~4e6 1464 3-3 2.5 302 
HAWAIT ; 21 BELGIUM 14.3 5-5 16.5 207 2el 2.3 
NAVSAT SOLUTION NSHC820907 
RELATIVE PLATE MOTIONS 
FROP PACIFIC TO PHILaAPPINE 
RATES (CH/V aH) STANDARD ERRORS 
LOCATION TO STA LOCATION LONG aaT HEIGHT LONG LAT HEIGHT 
SAMOA 22 PHILIFIAES 2401 -12.8 5 Sei 3-6 5.8 
HAwHET 22 PHILIFINES 17.5 1.4 3.5 3.3 209 4e2 
SAMOA 23 GUAM 6.2 -8.1 4 3e7 2.9 306 
HAWAIT 23 GUAM 3o% 1.6 128 2-9 205 Zel 
NAVSAT SOLUTION NSWC820907 
RELATIVE PLATE NOTIGNS 
FROM PACIFIC TO AUSTRALIAN 
RATES (Ca/¥ad STANDARD ERKORS 
LOCATICN TO STA sOCATION LONG Lat HEIGHT LONG LAT HEIGHT 
SAMOA 112 AUSTRALIA 12.0 9-1 -2007 Sei 207 2e7 
HAWAII 1122 AUSTRALIA 6.3 19-9 °16.9 205 2ei 2e1 
WAVSAT SOLUTION NSWC820907 
RELATIVE FLATE MOTIONS 
FROP PACIFIC TG ANTARCTIC 
RATES (CH/V A) STANDARD ERRORS 
LOCATICN TO STA LOCATION LONG Lat HEIGHT LONG LAT HEIGHT 
SAMOA 19 MCAUROO 22-6 “Gee 2362 $8 522 5-0 
HAWAIT 19 MCMURDO 15.6 5eo 715.5 6.8 &e% 45 
NAVSAT SOLUTICN NSWC820907 
RELATIVE PLATE MOTIONS 
FRCM PACIFIC TO AFRICAN 
RATES (CH/V AK) STANDARD ERRORS 
LOCATICN TO STA LOCATZCN LONG Lat HEIGHT LONG Lat HEIGHT 
SANQGA 20 SEYCHELLES 12.6 "15.7 5.0 57 4e7 5.5 
SAMOA 105 SO AFRICA 17.2 “6.1 21.98 3.7 2.9 3o% 
HAWALT 20 SEYCHELLES 5.3 “2.0 “4.9 bel 3.3 hei 
WHAWATTI 405 SO AFRICA 10.7 8.2 -9.3 2-6 2.5 2.3 
FIGURE F-6 
F-8 
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